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Abstract. We discuss a dark family of lepton-like particles with their own “private” gauge
bosons Xµ and Cµ under a local SU
′(2) × U ′(1) symmetry. The product of dark and visible
gauge groups SU ′(2)×U ′(1)× SUw(2)×UY (1) is broken dynamically to the diagonal (vector-
like) subgroup SU(2) × U(1) through the coupling of two fields M i to the Higgs field and the
dark lepton-like particles. After substituting vacuum expectation values for the fields M i, the
Higgs doublet couples in the standard way to the left-handed SU ′(2) doublet ΨL and right-
handed singlets ψ1,R, ψ2,R, but not to the extra gauge bosons. This defines a new Higgs portal,
where the “dark leptons” can contribute to the dark matter and interact with Standard Model
matter through Higgs exchange. It also defines a dark matter model with internal interactions.
At low energies, the Standard Model Higgs boson aligns the two electroweak-type symmetry
groups in the visible and dark sectors and generates the masses in both sectors. We also identify
charge assignments for SU ′(2)×U ′(1) in the dark sector which allow for the formation of dark
atoms as bound states of dark lepton-like particles. The simplest single-component dark matter
version of the model predicts a dark matter mass around 96 GeV, but the corresponding nucleon
recoil cross section of 1.2 × 10−44 cm2 is ruled out by the xenon based experiments. However,
multi-component models or models with a dark SU ′(2) doublet mediator instead of the Higgs
portal would still be viable.
1. Introduction
The identification of the dark matter which dominates the large scale structure in the universe
remains an open problem. Higgs exchange had been proposed as an option for non-gravitational
interactions between dark matter and ordinary matter [1, 2, 3, 4, 5, 6, 7, 8], and Higgs portal
models with couplings to the scalar productH+H of the Higgs doublet H = (H+,H0) have been
discussed extensively for bosonic [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26]
and fermionic [19, 27, 28, 29] dark matter, but have meanwhile been ruled out in the lower region
of the preferred WIMP mass range between about 100 GeV and about 1 TeV [30, 31, 32]. So
far the traditional Higgs portal couplings still remain an option for light dark matter, or for
WIMPs heavier than 1 TeV.
In the present paper we suggest studies of another kind of Higgs portal which does not
involve the scalar product H+H of the Higgs doublet, but may contribute to the masses of
dark fermions, although the Higgs field and the dark fermions transform under a priori separate
SU(2) tranformations at high energies.
Mass terms in the dark sector are usually inserted by hand or generated by a separate
symmetry breaking mechanism. However, it is an intriguing question whether SU(2) breaking
by the Standard Model (SM) Higgs boson could also generate the dark matter masses without
violating the Standard Model gauge symmetries, and yet be safe from constraints arising through
couplings to the electroweak gauge bosons. We propose a mechanism to achieve this. The key
idea is to have an a priori separate SU ′(2)× U ′(1) gauge symmetry in the dark sector with its
own gauge bosons Xµ and Cµ. Dynamical breaking of the dark symmetry, e.g. through scalar
fields M i ≡ {Mi,ab}, which are charged both under the dark and visible gauge groups, then
induces standard chiral Yukawa couplings of dark left-handed SU ′(2) lepton-like doublets and
right-handed SU ′(2) singlets with the Standard Model Higgs doublet,
LH−DM = −
√
2
vh
(
m2ΨL ·H · ψ2,R +m1ΨL · ǫ ·H∗ · ψ1,R
)
+ h.c. (1)
These Yukawa couplings in turn break the gauge symmetry of the coupled SM+dark matter
model to SUc(3) × SUw(2) × UY (1), because the Higgs couplings align the local SU(2) × U(1)
gauge transformations in the visible and dark sectors.
Irrespective of whether a variant of the model from Sec. 2 turns out to generate the low energy
Higgs alignment (1) of visible and dark sector gauge groups, or whether some other mechanism is
at work, the dark gauge groups should also be broken up to a possible remnant U(1), in order not
to generate too many dark radiation degrees of freedom. This leaves a remnant Yukawa potential
interaction in the low energy sector if the remnant dark U(1) is broken at low energy, or a dark
photon. Dark photons comply with Planck’s CMB constraints on dark radiation if they decouple
early enough [33, 34], and additional relativistic degrees of freedom would also favor a higher
value of H0, thus reducing the tension between Planck and the astronomical measurements of
the Hubble constant. The dark leptons, on the other hand, acquire mass terms through their
SM-like Yukawa couplings to the Higgs (and possibly also due to internal symmetry breaking
in the dark sector) and can constitute the dark matter, assuming that leptogenesis also had an
analog in the dark sector. Neutrality under the internal gauge interactions of the dark sector
then implies that the dark matter will consist of dark atoms. The resulting dark matter model is
therefore similar to the dark atom models, see [35, 36, 37, 38] and references there. The primary
new idea is a dynamically generated Higgs alignment between visible and dark gauge groups.
Breaking of dark gauge symmetries occurs in particular if the Higgs boson couples both to
the visible and dark electroweak type gauge bosons,
DµH(x) = ∂µH(x)− igwWµ(x) · σ
2
H(x)− igY
2
Bµ(x)H(x)
− iq2Xµ(x) · σ
2
H(x)− iq1
2
Y ′hCµ(x)H(x). (2)
Combined with Eq. (1), this defines a class of renormalizable Higgs portal models for dark
matter with SUw(2)×Uy(1)×SU ′(2)×U ′(1) gauge symmetry and spontaneously broken SU(2)
factors. This model would not be ruled out (yet) through bounds on the invisible Higgs decay
width if all massive particles in the dark sector are heavier than mh/2, and if all dark particles
with masses below mh/2 have small masses, m≪ mh/2.
However, as outlined above, in the present investigation we will focus on the case that the
Higgs boson does not directly couple to the SU ′(2) × U ′(1) gauge bosons, but is only charged
under the Standard Model gauge group,
DµH(x) = ∂µH(x)− igwWµ(x) · σ
2
H(x)− igY
2
Bµ(x)H(x). (3)
Section 2 provides a dynamical toy model which generates the Higgs portal coupling (1), although
the covariant derivative on the Higgs field is only given by (3). Section 3 then provides a more
fulsome discussion of the low energy formulation of the theory, and the formation of dark atoms
in this theory is discussed in Sec. 4. Annihilation cross sections and the constraints from thermal
dark matter creation on the simplest version of dark matter in this framework are discussed in
Section 5. Section 6 summarizes our conclusions.
2. A dynamical mechanism for alignment of visible and dark gauge symmetries
A dynamical mechanism to generate the coupling (1) with a Higgs field which is not charged
under the dark gauge groups, cf. (3), can be constructed with scalar fields M i ≡ {Mi,ab} which
are charged both under the dark gauge group and the Standard Model gauge group. The first
index a refers to the fundamental representation of SU ′(2) from the left, while the second index
b refers to SUw(2) acting through the adjoint SUw(2)-matrices from the right. The U
′(1) charges
are given in terms of the dark fermion charges by Y
′(M)
i = Y
′
L− Y ′i,R, and the UY (1) charges are
Y
(M)
i = −Yh = −1. The covariant derivatives of the M i-fields are therefore
DµM i = ∂µM i − iq2Xµ ·
σ
2
·M i − i
q1
2
(
Y ′L − Y ′i,R
)
CµM i
+ igWM i ·
σ
2
·Wµ + igY
2
YhBµM i. (4)
The following coupling term between the visible and the dark sector is then invariant under the
full gauge group SU ′(2) × U ′(1)× SUw(2)× UY (1),
LMH−DM = −
√
2
vh
(
ΨL ·M2 ·H · ψ2,R +ΨL ·M1 · ǫ ·H∗ · ψ1,R
)
+ h.c. (5)
This yields the new Higgs portal coupling (1) in the low energy sector through the potential
V (M 1,M 2) =
1
4
2∑
i=1
λi
[
Tr
(
M i ·M+i
)− 2DetM i]2 . (6)
A 2× 2 matrix M i satisfies the ground state condition
Tr
(
M i ·M+i
)
= 2DetM i (7)
if and only if the matrix is proportional to the unit matrix,
M i = mi1, (8)
up to an additional possible unitary factor V i. The parameter mi in Eq. (8) can be chosen to
satisfy mi ≥ 0. These results can easily be proved using the polar decomposition M i = H i · V i
of the matrix M i into a positive semidefinite hermitian factor H i and a unitary factor V i.
This simple dynamical model is only a toy model for the demonstration that the new Higgs
portal (1) can arise dynamically, if we are primarily interested in the traditional WIMP mass
range, which will be the focus of the remainder of this paper. Any actual phenomenological
implementation of the dynamical model (4-6) could only work if dark matter is extremely light.
3. Dark matter masses from the Standard Model Higgs boson
For all we know, the Higgs field is the only dynamical field (besides gravity) which couples to all
massive fields, and indeed generates the masses of those fields through Yukawa couplings. It is
therefore compelling to assume that the Higgs field also generates the masses in the dark sector.
The Yukawa couplings (1) to fermionic dark matter ΨL = (ψ1,L, ψ2,L), ψ1,R and ψ2,R provide
a way to achieve this, and the mechanism outlined in Sec. 2 provides a way to generate these
couplings in the low energy sector of a renormalizable gauge theory.
We assume a single generation of dark lepton-like particles in (1), but the generalization to
more generations is straightforward through promotion of the masses m1 and m2 to mixing
matrices.
A priori the dark gauge group SU ′(2) × U ′(1) acting on the fields ΨL and ψi,R and the
electroweak gauge group are different symmetries, with SU ′(2) × U ′(1) acting only in the dark
sector while the electroweak symmetry only acts in the visible sector. However, the Yukawa
couplings (1) of the Higgs doublet align the transformations in both symmetry groups at low
energies, thus breaking the direct product of symmetry groups to its diagonal component,
SU ′(2) × U ′(1)× SUw(2)× UY (1)→ SU ′(2)× U ′(1) = SUw(2) × UY (1). (9)
The corresponding dark hypercharge (U ′(1)) assignments have to satisfy
Y ′L − Y ′1,R = −Yh = −1, Y ′L − Y ′2,R = Yh = 1,
where Yh = 1 is the weak hypercharge of the Higgs doublet.
The gauge symmetry SUw(2)× UY (1) is therefore implemented for low energy in the visible
and dark sectors through the SU(2) transformations U(x) = exp[iϕ(x) · σ/2] and the U(1)
transformations exp[iα(x)Y/2], exp[iα(x)Y ′/2]. The action of the SM fields is as usual,
H ′(x) = exp[iα(x)/2]U(x) ·H(x),
(
ν ′L(x)
e′L(x)
)
= exp[−iα(x)/2]U(x) ·
(
νL(x)
eL(x)
)
,
ν ′R(x) = νR(x), e
′
R(x) = exp[−iα(x)]eR(x), . . .
W ′µ(x) · σ = U(x) · (Wµ(x) · σ) · U+(x) +
2i
gw
U(x) · ∂µU+(x), (10)
B′µ(x) = Bµ(x) +
1
gY
∂µα(x),
and the corresponding action in the dark sector is
Ψ′L(x) ≡
(
ψ′1,L(x)
ψ′2,L(x)
)
= exp[iY ′Lα(x)/2]U(x) ·
(
ψ1,L(x)
ψ2,L(x)
)
, (11)
ψ′1,R(x) = exp[i(Y
′
L + 1)α(x)/2]ψ1,R(x), ψ
′
2,R(x) = exp[i(Y
′
L − 1)α(x)/2]ψ2,R(x),
X ′µ(x) · σ = U(x) · (Xµ(x) · σ) · U+(x) +
2i
q2
U(x) · ∂µU+(x), (12)
C ′µ(x) = Cµ(x) +
1
q1
∂µα(x).
Here q2 and q1 are the gauge couplings of the dark SU
′(2) × U ′(1) symmetry group, and the
covariant derivatives on the dark matter fields are
DµΨL(x) = ∂µΨL(x)− iq2Xµ(x) · σ
2
ΨL(x)− iq1
2
Y ′LCµ(x)ΨL(x), (13)
Dµψi,R(x) =
(
∂µ − iq1
2
Y ′i,RCµ(x)
)
ψi,R(x), (14)
Y ′i,R = Y
′
L − (−)i. (15)
The low energy sector of the theory outlined in Sec. 2 therefore looks like the Standard Model
augmented with a fourth lepton-like family with its own “private gauge bosons” Xµ and Cµ.
Since we assume mi > mh/2, this “fourth family” does not contribute to Z nor Higgs decays,
nor does it produce a fourth low mass thermalized particle.
The reader will certainly have noticed that the assumed preference for left-chirality also in
the dark sector is not determined by any experimental observation and therefore ambiguous with
our current knowledge. Instead, we could just as well use right-handed SU ′(2) doublets and left-
handed singlets in the dark sector. This would be compelling from an enhanced symmetry point
of view. Opposite chirality in the dark sector could restore CP and time-reversal symmetry in
particle physics through mappings between visible sector and dark sector fields. CP and time
reversal symmetry might then only be hidden from us through the very weak Higgs-coupling
between the visible sector and the dark sector. The model would then provide a Higgs portal
realization of the old idea of a CP mirror of the Standard Model [39]. However, currently we
can constrain the dark sector only through gravitational effects and direct and indirect search
limits. We cannot currently distinguish between a V −A or V +A preference in the dark sector,
and at this stage a V −A formulation is as good as a V +A formulation.
There are obviously infinitely many possible ramifications of this model by also including
corresponding families of dark quarks with dark symmetry group SU ′c(N) and corresponding
gauge bosons F aµ . The Yukawa couplings of the Higgs boson to the dark quark-like multiplets
would obviously not align the SU ′c(N) with the Standard Model SUc(3). In such a model it
would be natural to expect the dark matter to consist of dark atoms formed from dark leptons
and dark nucleons, with the atoms formed due to the SU ′(2) × U ′(1) interactions in the dark
sector.
However, we will focus on the simplest model of private gauge bosons with one dark family of
lepton-like particles and their private SU(2)×U(1) gauge bosons (1,13,14,15). This is practically
equivalent to a dark multi-family model with one family being lighter than the other families,
thus being the relevant family for dark matter. Because we do not need to exclude the presence
of heavier lepton-like or quark-like SU ′(2)×U ′(1) doublets, we also do not have to worry about
anomaly cancellation within the lightest lepton-like dark family. However, we will later find that
the requirement for dark matter in the single lepton-like dark family implies Y ′L = 0, such that
anomaly cancellation is actually fulfilled already with the single dark doublet ΨL.
Without dark nucleons from a dark quark sector, Coulomb-type repulsion between the dark
leptons could counteract the pull of gravity. Generically this would seem to imply that the
SU ′(2) × U ′(1) couplings q2 and q1 should only be of gravitational strength for not actually
preventing dark halo formation. However, we can choose the SU ′(2)×U ′(1) charges of the dark
leptons in a way which allows for the formation of SU ′(2)×U ′(1) neutral dark atoms as bound
states of the dark leptons, thus alleviating the contraints on the magnitudes of q1 and q2.
4. Dark atoms
Recall that the Coulomb potential for electrons and protons in quantum optics (expressed in
terms of Schro¨dinger picture operators)
HC =
∫
d3x
∫
d3x′
αS
2|x− x′|
[
ψ+e (x)ψ
+
e (x
′)ψe(x
′)ψe(x)
+ ψ+p (x)ψ
+
p (x
′)ψp(x
′)ψp(x)− 2ψ+e (x)ψ+p (x′)ψp(x′)ψe(x)
]
(16)
arises from
∂µF
µ0 = e
(
ψ+e ψe − ψ+p ψp
)
(17)
in Coulomb gauge, and substitution of the solution
E‖(x) =∇
∫
d3x′
e
4π|x− x′|
(
ψ+e (x
′)ψe(x
′)− ψ+p (x′)ψp(x′)
)
of Eq. (17) into the contribution from E‖ to the electromagnetic field Hamiltonian
HEM =
1
2
∫
d3x
(
E2‖(x) +E
2
⊥(x) +B
2(x)
)
= HC +
1
2
∫
d3x
(
E2⊥(x) +B
2(x)
)
, (18)
E⊥(x) = −∂A(x, t)/∂t
∣∣∣
t=0
, B(x) =∇×A(x).
Substitution of the k-space expansions of the electron and proton operators and normal-
ordering then yields the usual electron-electron, electron-(anti-proton), proton-proton, positron-
proton etc. repulsion terms, and the electron-positron, electron-proton etc. attraction terms.
A corresponding analysis helps to identify any attractive particle-particle combinations in
the dark sector, although for non-abelian dark interactions the Coulomb kernel will only yield
the perturbative short-distance part of the actual potential if the interaction is asymptotically
free, or the Coulomb kernel needs to be replaced by a Yukawa kernel for massive gauge fields.
In the non-relativistic limit, the equations (with ψ+i ψi ≡ ψ+i,Lψi,L + ψ+i,Rψi,R)
∂µC
µ0 = −̺C = −q1
2
[
Y ′L
(
ψ+1 ψ1 + ψ
+
2 ψ2
)
+ ψ+1,Rψ1,R − ψ+2,Rψ2,R
]
,
DµX
µ0
a = −̺a = −
q2
2
Ψ+L · σa ·ΨL,
yield the dark sector Coulomb operator
HdC =
∫
d3x
∫
d3x′
̺2d(x,x
′)
8π|x− x′| (19)
with the charged density-density correlation operator
̺2d(x,x
′) = ̺2C(x,x
′) +
3∑
a=1
̺2a(x,x
′)
=
q22
4
[
ψ+1,L(x)ψ
+
1,L(x
′)ψ1,L(x
′)ψ1,L(x) + ψ
+
2,L(x)ψ
+
2,L(x
′)ψ2,L(x
′)ψ2,L(x)
− 2ψ+1,L(x)ψ+2,L(x′)ψ2,L(x′)ψ1,L(x) + 4ψ+1,L(x)ψ+2,L(x′)ψ1,L(x′)ψ2,L(x)
]
+
q21
4
Y ′2L
[
ψ+1,L(x)ψ
+
1,L(x
′)ψ1,L(x
′)ψ1,L(x) + ψ
+
2,L(x)ψ
+
2,L(x
′)ψ2,L(x
′)ψ2,L(x)
+ 2ψ+1,L(x)ψ
+
2,L(x
′)ψ2,L(x
′)ψ1,L(x)
]
+
q21
4
[
(Y ′L + 1)
2ψ+1,R(x)ψ
+
1,R(x
′)ψ1,R(x
′)ψ1,R(x)
+ (Y ′L − 1)2ψ+2,R(x)ψ+2,R(x′)ψ2,R(x′)ψ2,R(x)
+ 2(Y ′2L − 1)ψ+1,R(x)ψ+2,R(x′)ψ2,R(x′)ψ1,R(x)
]
+
q21
2
Y ′L(Y
′
L + 1)
[
ψ+1,L(x)ψ
+
1,R(x
′)ψ1,R(x
′)ψ1,L(x)
+ ψ+2,L(x)ψ
+
1,R(x
′)ψ1,R(x
′)ψ2,L(x)
]
+
q21
2
Y ′L(Y
′
L − 1)
[
ψ+1,L(x)ψ
+
2,R(x
′)ψ2,R(x
′)ψ1,L(x)
+ ψ+2,L(x)ψ
+
2,R(x
′)ψ2,R(x
′)ψ2,L(x)
]
. (20)
Most of the terms in Eqs. (19,20) are repulsive between pairs of particles and attractive
between particles and anti-particles in the dark sector. The attractive channels between particles
and anti-particles allow for the formation of dark SU ′(2) mesons which will decay fast through
the Higgs portal (1) and accelerate annihilation of any remnant dark anti-leptons. We are
therefore interested in attractive terms between pairs of particles for the formation of dark
atoms.
The terms in Eq. (20) with coupling constants q21Y
′
L(Y
′
L ± 1) yield attractive interactions
in the two-particle states ψ+1,L(x)ψ
+
1,R(x
′)|0〉 and ψ+2,L(x)ψ
+
1,R(x
′)|0〉 if Y ′L(Y
′
L + 1) < 0, and
attractive interactions in the two-particle states ψ+1,L(x)ψ
+
2,R(x
′)|0〉 and ψ+2,L(x)ψ
+
2,R(x
′)|0〉 if
Y ′L(Y
′
L − 1) < 0. However, the resulting bound states would have residual charges q2/2 under
SU ′(2) and (2Y ′L ± 1)q1/2 under U ′(1), respectively. This would yield repulsive Coulomb-type
atom-atom interactions and again prevent dark halo collapse unless q1 and q2 would be tuned
below gravitational strength.
However, the Coulomb term for the dark two-lepton states ψ+1,R(x)ψ
+
2,R(x
′)|0〉,
H1R,2R =
∫
d3x
∫
d3x′
q21(Y
′2
L − 1)
16π|x − x′|ψ
+
1,R(x)ψ
+
2,R(x
′)ψ2,R(x
′)ψ1,R(x) (21)
is attractive if Y ′2L < 1. It has no SU
′(2) charge, but a resulting atomic U ′(1) charge q1Y
′
L.
Setting Y ′L = 0 therefore yields uncharged dark atoms consisting of the two right-handed dark
leptons. This implies overall charge neutrality of the universe also under the dark gauge groups,
in the same way as anomaly cancellation in the Standard Model ensures charge neutrality in
the visible sector. At temperatures above 1 TeV there are equal abundances of particle species,
and the vanishing sum of visible UY (1) hypercharges over SM particle species and dark U
′(1)
hypercharges over dark sector species ensures overall charge neutralities in both sectors.
The potential in the dark sector therefore splits into the left-handed and right-handed parts,
HdC = HLL + HRR, with fine structure constants αL = q
2
2/16π and αR = q
2
1/16π, and the
only attractive particle-particle channel for neutral atoms consisting of the two right-handed
dark leptons, which are bound due to the U ′(1) interaction. The states of the dark atoms are
therefore for separation r = x1 − x2 of the two dark leptons and total atomic momentum K
given in the standard way by direct transcription of the corresponding results of non-relativistic
QFT,
|Ψn,ℓ,mℓ;K(t)〉 =
∫
d3x1
∫
d3x2 ψ
+
1,R(x1)ψ
+
2,R(x2)|0〉Ψn,ℓ,mℓ(x1 − x2)(2π)−3/2
× exp[iK · (m1x1 +m2x2)/M ] exp[−iE(K, n)t], (22)
with hydrogen type wave functions Ψn,ℓ,mℓ(r) for coupling constant αR/4 and reduced mass
m12 = m1m2/M , M = m1 +m2. The energy eigenvalues in the non-relativistic regime are
E(K, n) =
K2
2M
− 1
32n2
α2Rm12.
Spin singlet or triplet factors were apparently omitted, since we are not interested in the fine
structure of the dark atoms. The chiral projectors in the potential (21) reduce the effective dark
sector fine structure constant to αR/4. This is explained in detail in the Appendix.
We also assume αR < αS since dark U(1) interactions must be weaker than electromagnetism.
The separation of gas and dark matter in bullet-type clusters warrants this conclusion
[40, 41]. The fact that dark matter halos are much more extended and form less concentrated
substructures than baryonic matter also tells us that dark matter cannot cool down as efficiently
as baryons.
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Figure 1. The thermally averaged annihilation cross section of the dark leptons (in blue) versus
the required cross section for thermal dark matter creation (the logarithmically varying line in
purple).
5. Dark matter annihilation and thermal creation
We are interested in the non-relativistic thermal freeze-out of WIMP scale dark leptons. The
annihilation of a heavy dark lepton species is then dominated by branching ratios into Standard
Model particles through the Higgs portal (1). The t and u channel annihilations ψiψi → CC
and ψiψi → XX are suppressed with α2Rp2/m2i due to the chirality factors in the amplitudes,
which come from the chirality factors (1 ± γ5)/2 in the vertices q1Y ′i,RψiγµCµ(1 + γ5)ψi/4 and
q2ψiγ
µXµ · σ(1 − γ5)ψi/4 from Eqs. (13,14).
The leading order cross sections into the Standard Model states are (with V V =W+W− or
V V = ZZ and δW = 1 for annihilation into W
+W− or δW = 0 otherwise)
σψiψi→V V
(s) =
1 + δW
64π
m2i
v4hs
√
s− 4m2V
√
s− 4m2i
(s− 2m2V )2 + 8m4V
(s−m2h)2 +m2hΓ2h
, (23)
σψiψi→ff
(s) = Nc
m2im
2
f
16πv4hs
(s− 4m2f )3/2
(s− 4m2i )1/2
(s −m2h)2 +m2hΓ2h
, (24)
σψiψi→hh
(s) =
9m2im
4
h
64πv4hs
√
s− 4m2h
√
s− 4m2i
(s−m2h)2 +m2hΓ2h
. (25)
The total annihilation cross section increases with mass mi for masses above 80 GeV, and
therefore the heavier dark lepton species will determine both the massM of the dark atoms and
the freeze out temperature. We will assume m1 . 0.01m2 and therefore M ≃ m2.
The requirement of thermal freeze out then determines M ≃ 96 GeV, see Fig. 1, where the
thermally averaged [42] annihilation cross for a particle with mass m2 ≃M is compared to the
required value from thermal dark matter creation. The logarithmically varying required value of
〈vσ〉 for thermal creation varies from 3.38× 10−26 cm3/s for M = 65 GeV to 3.45× 10−26 cm3/s
for M = 100 GeV.
A low mass value m1 . 1 GeV implies an invisible Higgs decay width which is well below the
current limits [43, 44], Γh→ψ1ψ1
. 82 keV ≃ 0.018Γh→SM.
This dark matter model is even more predictive than the standard Higgs portal dark matter
models because the coupling to the Higgs field is already determined in terms of the mass,
g = m2/vh ≃M/vh. The requirement of thermal dark matter creation therefore does not yield
a parametrization g(M) of the Higgs portal coupling as a function of the dark matter mass, but
determines M . However, the corresponding nucleon recoil cross section
σDN =
g2
4π
m2NM
4
m4hv
2
h(M +mN )
2
(26)
is about 1.2×10−44 cm2 forM = 96 GeV, mN = 930.6 MeV (the weighted average of the nucleon
masses in long lived xenon isotopes), and the SVZ value gvh = 210 MeV [45] for the effective
Higgs-nucleon coupling. This is in conflict with the exclusion limits from the xenon based direct
search experiments [46, 47, 30, 31, 32].
6. Conclusions
Alignment of gauge symmetries in the visible and dark sectors through the new Higgs portal
is an interesting new tool for dark matter model building. It can arise as a consequence of
dynamical symmetry breaking in gauge theories, and it opens a door to fermionic Higgs portal
models without the need of higher mass-dimension effective vertices.
Apparently, the construction presented here opens the Higgs portal into much more
complicated and rich dark sectors, even with the possibility of CP and time-reversal reciprocity
between the visible and dark sectors, which would be broken through the different mass spectra
in the two sectors. Furthermore, the construction also generalizes to alignment of gauge groups
through other fields. Every field which transforms in a faithful representation of a symmetry
group G can align different copies G1, G2, . . . of the symmetry group, each with their own
gauge bosons Aai,µ and coupling constants gi, through Yukawa couplings to fields transforming
under the different symmetries Gi. In particular, it is conceivable that the dark leptons may
not couple to the Standard Model through the Higgs portal, but through a dark scalar SU ′(2)
doublet H ′, which couples to the dark sector gauge bosonsXµ and Cµ. This would also align the
electroweak-type gauge symmetries in the dark and visible sectors through the Yukawa couplings
of the scalar SU ′(2) doublet. However, it would not be constrained by the current limits from
the direct search experiments, since the Yukawa couplings of H ′ in the visible sector must be
weaker than the Higgs couplings, thus also implying a weaker effective H ′-nucleon coupling.
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Appendix: The Schro¨dinger equation in the dark sector
To understand the impact of the chiral projectors in the dark sector Coulomb potential (21),
we follow the procedure which yields the corresponding Schro¨dinger equation for the hydrogen
atom in the baryonic sector while keeping track of the chiral projectors.
The relevant states for the dark atoms are two-particle states
|Ψ(t)〉 =
∑
αβ
∫
d3x
∫
d3x′Ψαβ(x,x
′, t)ψ+1α(x)ψ
+
2β(x
′)|0〉. (A.1)
The states are written in the Schro¨dinger picture, and the indices α, β are Dirac indices.
The relevant part of the Hamiltonian of the theory in the sector of Fock space wich is spanned
by the states (A.1) (i.e. suppressing all parts of the Hamiltonian which map into different sectors
of Fock space) is with PR = (1 + γ5)/2,
H =
∑
i,α,β
∫
d3xψiα(x) (miγαβ − iγαβ ·∇)ψiβ(x)
−
∑
α,β,ρ,σ
PRαβPRρσ
∫
d3x
∫
d3x′
αR
|x− x′|ψ
+
1α(x)ψ
+
2ρ(x
′)ψ2σ(x
′)ψ1β(x). (A.2)
The corresponding Hamiltonian without the chiral projectors PR arises for the electron-
proton system from the energy-momentum tensor of QED in Coulomb gauge, see e.g. Sec. 21.4
in Ref. [48].
The relativistic Schro¨dinger equation for the two-particle system follows from id|Ψ(t)〉/dt =
H|Ψ(t)〉 and after decomposition in the basis (A.1) in the form
i
∂
∂t
Ψαβ(x,x
′, t) =
∑
ρσ
Hˆαβ,ρσΨρσ(x,x
′, t), (A.3)
with the Hamilton operator
Hˆαβ,ρσ =
[
m1γ
0
αρ − i(γ0 · γ)αρ ·
∂
∂x
]
δβσ + δαρ
[
m2γ
0
βσ − i(γ0 · γ)βσ ·
∂
∂x′
]
− αR|x− x′|PRαρPRβσ. (A.4)
To derive the nonrelativistic limit, we use the Dirac representation of γ matrices and write
the 4× 4 matrix Ψαβ(x,x′, t) in terms of 2× 2 matrices in the form
Ψ(x,x′, t) =
(
ψ(x,x′, t) φ(x,x′, t)
ξ(x,x′, t) χ(x,x′, t)
)
exp[−i(m1 +m2)t]. (A.5)
Substitution into Eq. (A.3) then yields in leading order of m−1i and αR for the “small”
components the equations
φ(x,x′, t) = − i
2m2
∂
∂x′
ψ(x,x′, t) · σT ,
ξ(x,x′, t) = − i
2m1
σ · ∂
∂x
ψ(x,x′, t),
and χ(x,x′, t) = 0, and substitution into the equation following for ψ(x,x′, t) from Eq. (A.3),
i
∂
∂t
ψ = −iσ · ∂
∂x
ξ − i ∂
∂x′
φ · σT − αR
4|x− x′|
(
ψ + φ+ ξ + χ
)
, (A.6)
yields the standard two-particle Schro¨dinger equation up to an extra factor of 1/4 in the Coulomb
potential,
i
∂
∂t
ψ(x,x′, t) =
(
− 1
2m1
∆− 1
2m2
∆′
)
ψ(x,x′, t)− αR
4|x− x′|ψ(x,x
′, t). (A.7)
Separation in center of mass and relative coordinates for the mapping into the effective single-
particle equations with masses M = m1 +m2 and m12 = m1m2/M then proceeds as usual.
[1] Silveira V and Zee A 1985 Phys. Lett. B 161 136
[2] McDonald J 1994 Phys. Rev. D 50 3637
[3] Bento M C, Bertolami O, Rosenfeld R and Teodoro L 2000 Phys. Rev. D 62 041302(R)
[4] Burgess C, Pospelov M and ter Veldhuis T 2001 Nucl. Phys. B 619 709
[5] Davoudiasl H, Kitano R, Li T and Murayama H 2005 Phys. Lett. B 609 117
[6] Schabinger R and Wells J D 2005 Phys. Rev. D 72 093007
[7] Patt B and Wilczek F 2006 Higgs field portal into hidden sectors Preprint hep-ph/0605188
[8] Kusenko A 2006 Phys. Rev. Lett. 97 241301
[9] Barger V, Langacker P, McCaskey M, Ramsey-Musolf M J and Shaughnessy G 2008 Phys. Rev. D 77 035005
[10] Dick R, Mann R B and Wunderle K E 2008 Nucl. Phys. B 805 207
[11] Yaguna C E 2009 JCAP 0903 3
[12] Goudelis A, Mambrini Y and Yaguna C E 2009 JCAP 0912 8
[13] Profumo S, Ubaldi L and Wainwright C 2010 Phys. Rev. D 82 123514
[14] Gonderinger M, Li Y, Patel H and Ramsey-Musolf M J 2010 JHEP 1001 053
[15] Gonderinger M, Lim H and Ramsey-Musolf M J 2012 Phys. Rev. D 86 043511
[16] Boucenna M S and Profumo S 2011 Phys. Rev. D 84 055011
[17] Pospelov M and Ritz A 2011 Phys. Rev. D 84 113001
[18] Batell B, Gori S and Wang Lian-Tao 2012 JHEP 1206 172
[19] Djouadi A, Falkowski A, Mambrini Y and Quevillon J 2013 Eur. Phys. J. C 73 2455
[20] Cline J M, Kainulainen K, Scott P and Weniger C 2013 Phys. Rev. D 88 055025; Erratum Phys. Rev. D 92
039906
[21] Sage F S and Dick R 2014 J. Phys. G 41 105007
[22] Feng L, Profumo S and Ubaldi L 2015 JHEP 1503 045
[23] Sage F S and Dick R 2015 Astropart. Phys. 71 31
[24] Steele T G, Wang Zhi-Wei, Contreras D and Mann R B 2014 Phys. Rev. Lett. 112 171602
[25] Demir D A, Frank M and Korutlu B 2014 Phys. Lett. B 728 393
[26] DiFranzo A, Fox P J and Tait T M P 2016 JHEP 1604 135
[27] Fedderke M A, Chen Jing-Yuan, Kolb E W and Wang Lian-Tao 2014 JHEP 1408 122
[28] Abdallah J et al. 2015 Physics of the Dark Universe 9-10 8
[29] Arcadi G, Dutra M, Ghosh P, Lindner M, Mambrini Y, Pierre M, Profumo S and Queiroz F S 2017 The
Waning of the WIMP? A Review of Models, Searches, and Constraints Preprint arXiv:1703.07364 [hep-ph]
[30] PandaX-II Collaboration (Tan A et al.) 2016 Phys. Rev. Lett. 117 121303
[31] LUX Collaboration (Akerib D et al.) 2017 Phys. Rev. Lett. 118 021303
[32] XENON Collaboration (Aprile E et al.) 2017 First Dark Matter Search Results from the XENON1T
Experiment Preprint arXiv:1705.06655v2 [astro-ph.CO]
[33] Weinberg S 2013 Phys. Rev. Lett. 110 241301
[34] Planck Collaboration (Ade P A R et al.) 2016 Astron. Astrophys. 594 A13
[35] Kaplan D E, Krnjaic G Z, Rehermann K R and Wells C M 2010 JCAP 1005 021; 2011 JCAP 1110 011
[36] Cyr-Racine F Y and Sigurdson K 2013 Phys. Rev. D 87 103515
[37] Cline J M, Liu Z, Moore G D and Xue W 2014 Phys. Rev. D 89 043514; Phys. Rev. D 90 015023
[38] Petraki K, Pearce L and Kusenko A 2014 JCAP 1407 039
[39] Hodges H M 1993 Phys. Rev. D 47 456
[40] Clowe D, Gonzalez A and Markevitch M 2004 Astrophys. J. 604 596; Markevitch M, Gonzalez A H , Clowe
D, Vikhlinin A, Forman W, Jones C, Murray S and Tucker W 2004 Astrophys. J. 606 819; Clowe D,
Bradacˇ M, Gonzalez A H, Markevitch M, Randall S W, Jones C and Zaritsky D 2006 Astrophys. J. 648
L109
[41] Bradacˇ M, Allen S W, Treu T, Ebeling H, Massey R, Morris R G, von der Linden A and Applegate D 2008
Astrophys. J. 687 959; Dawson W A et al. 2012 Astrophys. J. 747 L42
[42] Gondolo P and Gelmini G 1991 Nucl. Phys. B 360 145
[43] ATLAS Collaboration (Aad G et al.) 2015 JHEP 1511 206; 2016 JHEP 1601 172
[44] CMS Collaboration (Aarrestad T K et al.) 2017 JHEP 1702 135
[45] Shifman M A, Vainshtein A I and Zakharov V I 1978 Phys. Lett. B 78 443
[46] XENON Collaboration (Aprile E et al.) 2012 Phys. Rev. Lett. 109 181301
[47] LUX Collaboration (Akerib D et al.) 2014 Phys. Rev. Lett. 112 091303
[48] Dick R 2016 Advanced Quantum Mechanics: Materials and Photons 2nd ed (New York: Springer)
